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Introduction
The anti-estrogen tamoxifen is an essential part of standard adjuvant and palliative systemic therapy for patients with steroid hormone receptor-positive breast tumors [1] . Adjuvant tamoxifen significantly decreases relapse rates and mortality in pre-and postmenopausal patients, and the therapy benefit resulting from 5 years of adjuvant tamoxifen is maintained even more than 10 years after diagnosis [2] . Tamoxifen is a valid therapy option next to aromatase inhibitors (AI) in postmenopausal patients with endocrine responsive disease [3] ; it is considered the standard care for premenopausal patients, for prevention of invasive breast cancer in women at high risk including those who have had ductal carcinoma in situ [4] , and for the treatment of male breast cancer [5] . Tamoxifen is generally well tolerated, and menopausal symptoms including hot flashes are the most common side effects whereas severe side effects such as thromboembolic events or endometrial carcinoma are rather rare [2] . Although the clinical benefit of tamoxifen has been evident for more than 3 decades, up to 50% of patients receiving adjuvant tamoxifen relapse or die due to tumor resistance or constitutional factors. New insights into the metabolism of tamoxifen and the pharmacological activity of some of its metabolites hold promise to identify patients who will most likely benefit from tamoxifen, and distinguish them from those in need for alternative treatment options. Tamoxifen is extensively metabolized and several lines of evidence suggest that the therapeutic efficacy is not mediated by the parent drug but by 4-hydroxy tamoxifen (4-OH-TAM) and 4-hydroxy-N-desmethyl tamoxifen (endoxifen) ( fig. 1 ). Compared to tamoxifen and its major metabolite N-desmethyl tamoxifen (NDM), endoxifen and 4-OH-TAM have an up to 100-fold higher affinity for the estrogen receptor (ER) and potency to suppress breast cancer cell proliferation [6] [7] [8] [9] [10] [11] [12] . The key enzyme for the formation of endoxifen and 4-OH-TAM is cytochrome P450 2D6 (CYP2D6). Because CYP2D6 is subject to genetic polymorphism and the enzyme can be inhibited by co-medication, these genetic and non-genetic patient factors affecting the formation of active metabolites can impede the therapy response in breast cancer patients. This review provides an overview on the available pharmacological and pharmacogenetic evidence relevant to tamoxifen metabolism and its impact on outcome after tamoxifen treatment.
CYP2D6 Genotype Phenotype Relationships
The enzymatic activity of CYP2D6 as assessed with a probe drug such as sparteine or debrisoquine shows a clear trimodal distribution indicating that the metabolism of CYP2D6 substrates is under strong genetic control giving rise to 3 distinct phenotypes in European populations: the poor metabolizer (PM), the intermediate metabolizer (IM), and the extensive fig. 2) . The molecular mechanisms responsible for these phenotypes have been elucidated, and up to now more than 80 mutations have been identified in the gene encoding CYP2D6. The PM phenotype constituting 5-10% of the European population carries 2 non-functional (null) alleles leading to a loss of enzyme function. Of the 17 null alleles identified so far, the *3, *4, and *5 alleles are the most frequent in populations of European descent. CYP2D6 *4 is by far the most frequent null allele (20-25% in Europeans) and present in 70-90% of all PMs [13] . The 10-15% IMs have a severely impaired CYP2D6 expression und function similar to the PM due to the presence of *9, *10, and *41 alleles, and are genetically either homozygous for these IM mutations or compound heterozygous for an IM allele in combination with one null allele [13, 14] . In Orientals, the frequency of PMs is much lower (approximately 1%), but much higher IM frequencies [15] and Saudi Arabians [16] .
Tamoxifen Efficacy and Prediction by CYP2D6 Genotyping
Although it has been known for long time that tamoxifen requires metabolic activation to 4-OH-TAM to exert its therapeutic effect [6, 17] , the knowledge about the link between tamoxifen metabolism and clinical efficacy has only recently been rapidly evolving and has been redefined based on current important pharmacological findings ( fig. 3 ). Although endoxifen had been recognized as a secondary tamoxifen metabolite earlier on [18] , only recently its pharmacologic properties have been evaluated. Stearns et al. [8] showed in 2003 that endoxifen has high ER affinity and potency to suppress breast cancer cell proliferation similar to 4-OH-TAM which by then was thought to be the principal anti-estrogenic metabolite. Moreover, both metabolites induced similar changes on global gene expression patterns in MCF7 breast cancer cells [19] . Recent work by Buck et al. [12] investigated the growth inhibitory effects of tamoxifen and its metabolites in MCF7 cells. Significant effects were observed for 4-OH-TAM and endoxifen but not for all other metabolites, and this anti-proliferative activity was associated with induction of transforming growth factor beta (TGFβ) and transforming growth factor β type II receptor, which are key factors of the anti-proliferative TGFβ signal transduction pathway. In plasma of tamoxifen-treated patients, endoxifen was found at 6-fold higher concentrations when compared to 4-OH-TAM, suggesting an important pharmacologic role. Comprehensive in vitro investigations and evaluation of tamoxifen's sequential biotransformation by the human CYP450 system performed by Desta et al. [9] recognized CYP3A and CYP2D6 as the most important enzymes with CYP2D6 being exclusively responsible for the formation of endoxifen from the primary metabolite NDM. Moreover, a large inter-individual variability in the formation of tamoxifen metabolites was noticed and clinical implications suggested. In a subsequent clinical study, Jin et al. [11] linked the bioavailability of active tamoxifen metabolites, particularly endoxifen, to CYP2D6 genetic variants. They performed CYP2D6 genotyping of patients treated with adjuvant tamoxifen (20 mg/day, orally) and measured metabolite plasma levels at the beginning of therapy (1 month) and at steady state (4 month). Among 80 primary breast cancer patients, 48 (60%) had a CYP2D6 wt/wt genotype, 29 (36%) a wt/variant (*3, *4, *5, *6 allele), and 3 (4%) a vt/vt genoytype. All of the 3 vt/vt patients carried a *4/*4 genotype. After 4 months of tamoxifen therapy, plasma endoxifen concentrations were sigare observed because up to 50% of the population carry the *10 allele. The predictive value of genotyping for both the PM and IM phenotype is very good provided it is not restricted to the *4 allele. The largest proportion of subjects -60-70% of the European population -are EMs because they carry the *1 and *2 alleles which encode for an enzyme with normal expression levels and catalytic function. Based on genotypes, this phenotype can be separated into homozygous or heterozygous EMs depending on whether they carry 2 or 1 functional allele. Since heterozygous EMs who carry one *1 or *2 allele in combination with an IM or PM allele have a somewhat impaired enzyme expression and function, they have been classified as 'IMs' assuming a gene dose effect in such a way that heterozygous EMs would have only 50% of enzyme and catalytic activity as compared to homozygous EMs. However, this assumption is not correct, and there is substantial overlap both in enzyme content and activity between homozygous and heterozygous EMs resulting in a rather poor predictive value of the genotype. Of note, the IM is a phenotype and genotype distinct from the heterozygous EM. Since in clinical studies genotyping is used to predict the phenotype, it is absolutely essential not only to analyze all relevant mutations, but also to define the genotypes which translate into the EM, IM, and PM phenotypes.
Although not clearly identifiable as a distinct subgroup or phenotype based on the enzymatic activity, approximately 10% of the European population account for the so called ultra rapid metabolizers (UM) ( fig. 2 ). In 15-20% of these UMs gene duplication with up to 13 gene copies involving *1, *2, and *4 alleles have been identified as the molecular mechanism. However, most of the UMs cannot be explained by [23] . Their approach was based on a non-randomized cohort study including 206 breast cancer patients treated with adjuvant tamoxifen monotherapy and 280 patients without tamoxifen. Median follow-up was 71 months. Their comprehensive genotyping approach using constitutional DNA derived from formalin-fixed paraffin-embedded normal breast tissues included the CYP2D6 variants *4, *5, *10, and *41 to cover the vast majority (up to 95%) of PM genotypes and IM genotypes (up to 90%). Altogether, these analyses were aimed at the investigation of approximately 15-25% of patients expected to be carriers of PM or IM alleles and genotypes. The investigators found that carriers of CYP2D6 *4, *5 *10 and *41 alleles had significantly more breast cancer recurrences, shorter relapse-free time (hazard ratio (HR) = 2.24; 95% CI 1.16-4.33; p = 0.02), and worse event-free survival (HR = 1.89; 95% CI 1.10-3.25; p = 0.02) compared to carriers of functional alleles ( fig. 4) . Among 4 other tamoxifen metabolizing genes (CYP2C19, CYP2B6, CYP2C9, and CYP3A5) and variants, they also observed that the CYP2C19 high enzyme activity promoter variant *17 was associated with a more favorable clinical outcome (HR = 0.45; 95% CI 0.21-0.92; p = 0.03) than that of carriers of *1, *2, and *3 alleles. The authors appreciated that genetically determined impaired tamoxifen metabolization results in worse treatment outcome and suggested that genotyping for CYP2D6 alleles *4, *5, *10 and *41 could identify patients who will derive little benefit from adjuvant tamoxifen therapy. Moreover, they showed that the combination of functional CYP2D6 alleles and CYP2C19*17 variant identified those patients likely to benefit from tamoxifen which comprises up to 32% of tamoxifen treated patients. Supportive evidence for a relationship between CYP2D6 genotypes and metabolite plasma concentrations as well as disease outcome has also been recently provided by a Korean study by Lim et al. [24] including 202 breast cancer patients treated with 20 mg/daily tamoxifen (either primary or metastatic breast cancer) for more than 8 weeks. As expected for Asian populations, the CYP2D6 *10 allele significantly contributed to the overall fraction of IM genotypes. The authors reported a frequency of 31.6% for CYP 2D6 wt/wt, 44% for wt/*10, and 24.2% for *10/*10 genotype. Patients with *10/*10 genotype (n = 49) had significantly lower steady-state plasma concentrations of endoxifen and 4-OH-TAM than those with other genotypes (n = 153). In a small cohort of 21 patients with metastatic breast cancer treated with tamoxifen, all patients (n = 6) with progressive disease or stable disease lasting less than 24 weeks carried the *10/*10 genotype (p = 0.0186). This significant impact of CYP2D6 genotype on time to progression was maintained in multivariate analysis. Median time to progression for CYP2D6*10/*10 patients was significantly shorter than that for all other genotypes (5.0 vs. 21.8 months, p = 0.0032). CYP2D6 variation may not only be important for treatment outcome but also for prediction of the risk to develop breast cancer under tamoxifen prevention as recently suggested by preliminary data from an Italian chemoprevention trial including 5,408 healthy hysterectomized women aged 35-70 years, who were randomly assigned to receive 20 mg daily tamoxifen or placebo. In a nested case control study including 46 women who developed breast cancer and 136 controls, the frequency of CYP2D6 *4/*4 genotype was significantly higher in women who developed breast cancer than in those who did not: 9 vs. 1% (p = 0.015) and also within the tamoxifen treated population: 15 vs. 2% (p = 0.04) [25] . Unexpectedly, hot flashes were reported for all 3 CYP2D6 *4/*4 allele carriers who developed breast cancer under tamoxifen. Contradictory results for the relationship of CYP2D6 genotype and outcome under tamoxifen were reported in 2 studies from the US and Sweden by Nowell et al. [26] (162 patients with tamoxifen, 175 patients without tamoxifen) and Wegmann et al. [27] (112 patients with 40 mg/daily tamoxifen, and mean follow-up of 10.7 years), respectively: While Nowell et al. reported no association between CYP2D6 *4 and tamoxifen response or breast cancer prognosis, Wegman et al. reported a decrease in the number of recurrences in tamoxifen treated patients who carried the CYP2D6 *4 variant (OR = 0.28; 95% CI 0.11-0.74; p = 0.0089). Within their recent work, Wegman et al. [28] looked at genetic variants of CYP3A5, CYP2D6, SULT1A1, or UGT2B15 in a cohort of 677 tamoxifen-treated postmenopausal patients, 238 of whom were randomized to 2 vs. 5 years of treatment. With respect to patients homozygous for CYP2D6 *4, a significantly better diseasefree survival was observed compared to patients homozygous or heterozygous for the *1 allele (p = 0.05 and p = 0.04, respectively). However, this effect was not significant in multivariate Cox analysis (p = 0.055).
Tamoxifen Adverse Reaction, CYP2D6 and Drug Interactions Through Co-Medication
Hot flashes frequently occur in women using tamoxifen and are considered an indicator of drug efficacy. They are attributed to ER agonistic effects in the central nervous system due to higher tamoxifen metabolite levels in patients with functional CYP2D6. Accordingly, Götz et al. [22] showed that the incidence of hot flashes on adjuvant tamoxifen correlated with the CYP2D6 genotype. None of the patients with CYP2D6 *4/*4 genotype (0/13) reported moderate or severe hot flashes whereas in the *4/wt group 23% (9/40) and in the wt/wt group 20% (27/137) of the patients reported moderate or severe hot flashes (p = 0.064). At ASCO 2007, these data were substantiated by results from the Women's Healthy Eating and Living trial (WHEL) [29] . The WHEL trial enrolled primary breast cancer patients (n = 3,088 younger than 75 years) up to 4 years after initial diagnosis to either dietary intervention or observation alone. In this trial, 864 women received adjuvant tamoxifen. Of these patients, 78% reported hot flashes, and among those 69% also reported night sweats; only 4% reported night sweats without hot flashes, and 18% did not report either hot flashes or night sweats. A Cox proportional hazards model showed that patients reporting hot flashes had a significantly lower risk for recurrence (HR 0.51; 95% CI 0.32-0.79). For patients on adjuvant tamoxifen, hot flashes were more predictive of outcome than age, grade, hormone receptor status, or stage II cancer. Within the context of hot flashes under adjuvant tamoxifen, a close-up look on the influence of co-medications on tamoxifen metabolism and treatment outcome is important. Women who take tamoxifen often are prescribed selective serotonin reuptake inhibitor (SSRI) antidepressants (e.g. paroxetine and fluoxetine) to treat hot flashes. SSRIs are known to inhibit CYP2D6 activity and to interfere with tamoxifen efficacy. While the effect of SSRIs on the plasma levels of endoxifen had been previously reported by Stearns et al. [8] , this endoxifen lowering effect has been subsequently linked to the patients' CYP2D6 genotype by Jin et al. [11] . In their study, 24 of the 80 patients took CYP2D6 inhibitors including paroxetine, fluoxetine, sertraline, citalopram, amiodarone, and metoclopramide. Among patients who carried a homozygous wildtype genotype, the mean plasma endoxifen concentration for patients using CYP2D6 inhibitors was 58% lower than that of patients not using SSRI co-medication (38.6 vs. 91.4 nM, p = 0.0025). When the authors further investigated this effect with respect to weak and potent CYP2D6 inhibitors, they showed that women taking the weak CYP2D6 inhibitor venlafaxine (a serotonine norepinephrine reuptake inhibitor, SNRI) had slightly reduced plasma endoxifen concentrations compared to women taking the potent CYP2D6 inhibitor paroxetine. Altogether, the authors demonstrated that both pharmacogenomic effects as well as pharmacological interactions of CYP2D6 have an in-Brauch/Schroth/Eichelbaum/Schwab/Harbeck fluence on the metabolism of tamoxifen, and therefore ultimately may affect drug efficacy. These observations again were extended by Borges et al. [20] . In their investigation of the quantitative effects of CYP2D6 genotype and inhibitors on endoxifen plasma levels, they showed that while there were no significant differences in mean plasma concentrations of tamoxifen, NDM, and 4-OH-TAM between users and non-users of concomitant CYP2D6 inhibitors, the mean endoxifen plasma concentration was significantly lower in patients taking CYP2D6 inhibitors compared to that in patients who did not (39.6 +/-28.4 vs. 71.5 +/-41.2 nmol/L; p < 0.01). When the authors divided the CYP2D6 inhibitors into potent (paroxetine, fluoxetine n = 19) and weak (SSRI: sertraline and citalopram (n = 14) as well as celecoxib, diphenydramine and chlorpheniramine (n = 13)), they found a more pronounced decrease in mean endoxifen plasma concentrations with potent inhibitors than with weak inhibitors. Concomitant use of venlafaxine, which is considered the least potent inhibitor, did not show any significant effect. Taking these observations to the level of CYP2D6 genotypes, the authors observed that the mean plasma endoxifen concentration was significantly lower in CYP2D6 EM patients who were taking potent CYP2D6 inhibitors compared to that in patients who were not taking CYP2D6 inhibitors (23.5 +/-9.5 vs. 84.1 +/-39.4 nmol/L, p < 0.001). Thus, CYP2D6 genotype and concomitant potent CYP2D6 inhibitors are highly associated with plasma endoxifen concentrations and may substantially impact outcome under tamoxifen treatment by conversion of EM to PM phenotype status. The interplay of CYP2D6 genotype and enzyme inhibitors was further explored by Götz et al. [30] in their recent followup of the NCCTG trial. They investigated the role of CYP2D6 inhibitors in 256 patients that had been randomized to the tamoxifen alone arm. Patients with CYP2D6 wt/wt genotype who did not take CYP2D6 inhibitors were classified as EM (n = 115), whereas patients with either 1 or 2 *4 alleles or those taking a CYP2D6 inhibitor were classified as IM or PM (n = 65), depending on the strength of the inhibitor. Decreased CYP2D6 metabolism was associated with poor clinical outcome in univariate and multivariate analysis: Patients with decreased metabolism had shorter time to breast recurrence (p = 0.015), relapse-free (p = 0.007), disease-free (p = 0.009), and overall survival (p = 0.082) compared to those with extensive CYP2D6 metabolism. Adjusting for tumor size and nodal status, the significant impact on time to breast recurrence, relapse-free and disease-free survival was maintained in multivariate analysis [30] . The authors concluded that CYP2D6 metabolism, as measured by genetic variation and enzyme inhibition, is an independent predictor of breast cancer outcome in postmenopausal primary breast cancer patients receiving adjuvant tamoxifen. Accordingly, outcome under tamoxifen treatment may be influenced by its pharmacogenetics as well as co-prescription of drugs interfering with the CYP2D6-mediated tamoxifen metabolism.
Clinical Relevance of CYP2D6 in Breast Cancer: Discussion
Whereas tamoxifen is still considered standard in premenopausal patients, national and international guidelines strongly recommend the use of AIs in postmenopausal women [1, 31] . Whether upfront AI use or a tamoxifen -AI sequence is the optimal treatment strategy cannot be definitely decided at this moment since trials directly comparing these treatment strategies such as BIG 1-98 or TEAM have not yet released their data regarding this question. Recent data from BIG 1-98 suggest that in patients with a high risk for early relapse, upfront AI therapy does offer a significant survival advantage [32] . However, at ASCO 2007, Punglia et al. [33] presented a biomathematical modeling exercise of estimated benefit of adjuvant tamoxifen according to CYP2D6 gene status. Using the BIG 1-98 information on relapse risk and assuming that AI metabolism was CYP2D6 independent, the authors suggested that the benefit of 5 years of adjuvant tamoxifen may even exceed that of upfront AI treatment in postmenopausal CYP2D6 wt/wt patients. There is now strong mechanistic, pharmacological, and clinical evidence that tamoxifen efficacy and clinical outcome depend on the CYP2D6 metabolism which is subject to CYP2D6 genotype and/or pharmaco-interactions. Data from numerous international studies yielded consistent results in linking active tamoxifen metabolite plasma concentrations with genetically determined CYP2D6 metabolizer status, interference with strong CYP2D6 inhibitors as well as clinical outcome. Few conflicting data may be explained by variations in patient inclusion criteria into respective studies which may include variations in tamoxifen doses and length of treatment as well as additional chemotherapy regimens or lack of consistent ER testing. Importantly, most authors agree that genetic CYP2D6 variants as well as CYP2D6 inhibition by prescribed co-medications such as antidepressants may decrease tamoxifen metabolism, and thus negatively impact tamoxifen efficacy and treatment outcome. There are a number of potential clinical consequences from these emerging CYP2D6-tamoxifen treatment outcome data. First of all, potent SSRIs such as paroxetine or fluoxetine should not be used for the relief of hot flashes in breast cancer patients receiving tamoxifen. Even though SSRIs are one of the few evidence-based therapy options for menopausal vasomotor symptoms [34] , there is now convincing data that they may compromise tamoxifen efficacy due to their interference with CYP2D6 dependent tamoxifen metabolism. Yet, differences in tamoxifen metabolite plasma levels were seen depending on the strength of the CYP2D6 inhibitor [11, 20] . If treatment of hot flashes is indicated, an SSRI such as citalopram or escitalopram or SNRI such as venlafaxine should be used because these substances showed no significant inhibition of CYP2D6. Second, the CYP2D6 genotype-phenotypetreatment outcome relationship points to the possible benefit Breast Care 2008;3:43-50
Tamoxifen and CYP2D6 Metabolism in Breast Cancer 49 of upfront CYP2D6 genotyping prior to an adjuvant endocrine treatment decision. A comprehensive robust, standardized, and quality controlled CYP2D6 genotyping test will need to analyze all genetic variants that may affect tamoxifen metabolism which, based on data by Götz et al. [22, 30] and Schroth et al. [23] , should include common PM alleles (*3, *4 and *5) and IM alleles depending on the individual's ethnic origin. Of note, *41 is the most frequent IM allele in Europeans, *17 is the principal IM allele in Africans, and *10 dominates in Asians (in addition *9 should also be considered). Other areas of interest with respect to clinical application are the measurement of endoxifen plasma levels as a surrogate of CYP2D6 phenotype and a possible dose increase of tamoxifen to overcome impaired CYP2D6 metabolism, the latter option may need to be evaluated further before definite conclusions can be made. Given alternative treatment options, i.e. tamoxifen vs. AI, and considering available scientific and clinical evidence, an individualized approach for endocrine treatment of postmenopausal breast cancer patients is desirable. One might speculate that tamoxifen alone may be adequate for CYP2D6 EM/EM (wt/wt) carriers whereas postmenopausal patients with variant CYP2D6 alleles may fare better with upfront AI therapy. However, as of yet, formal recommendation on the integration of CYP2D6 genotypes in treatment decisions must await their validation in prospective clinical trials. In Germany, we are currently recruiting postmenopausal ER-positive breast cancer patients within the IKP211 observational study (www.rbk.de) dedicated to the identification of tamoxifen and AI treatment outcome predictors. The study is being performed in association with the AGO TRAFO Commission (www.ago-online.de). Patient inclusion criteria are adjuvant treatment with either tamoxifen (5 years or switch to AI after 2 years tamoxifen) or AI (5 years), respectively. It is expected that these patient cohorts will allow a first prospective confirmatory analysis of CYP2D6 metabolism, drug interaction, and treatment outcome. Whether determination of CYP2D6 genotype will be a diagnostic tool for selection of the appropriate adjuvant endocrine therapy for an individual ER-positive postmenopausal breast cancer patient awaits the validation in prospective clinical trials randomizing tamoxifen vs. AI treatment based on CYP2D6 genotypes. Such prospective clinical trials are currently being planned. Other open questions may address the clinical relevance of other cytochrome P450 isoenzymes and mutations as well as ethnic variations in the prevalence of their treatment outcome relevant genotypes. Finally, it is important to appreciate that most cancer therapies in current use have been established empirically. The recent progress in our understanding of pharmacology and pharmacogenetics of tamoxifen, however, holds the promise for improvement through personalized medicine. Because this approach is genome-based by utilizing CYP2D6 genotyping for prediction of a patient's metabolizer phenotype, ethical issues need to be sufficiently addressed. In the light of acceptable alternatives, an informed choice about adjuvant endocrine treatment and most importantly the avoidance of a therapy that might potentially lack efficacy must be prime interests. It will therefore be important to make patients and their care-takers aware of these issues and also to initiate discussions with regulatory authorities.
